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ZnO has attracted considerable attention as electrode material in lithium-ion battery (LIB) due to its theoretically high capacity.
However, poor electronic conductivity and huge volumetric changes during cycling limit its industrial applications. In this work,
polypyrrole nanorings (PNRs) were successfully prepared via the solution chemistry method using pyrrole (Py) as raw material,
ammonium persulfate (APS) as oxidant, and cetyltrimethyl ammonium bromide (CTAB) as surfactant. The ZnO/PNR
composite was synthesized with zinc oxide nanoparticles absorbed on the surface of PPy nanorings through the one-pot in situ
sol-gel method. The composite shows a three-dimensional intertwined network structure where the size of polypyrrole
nanorings ranges from 80 nm to 100 nm in diameter and the average size of uniformly distributed ZnO nanocrystals is
10.49 nm. The unique three-dimensional conductive framework can provide good electronic contact between the ZnO particles
and buﬀer the volume variation during the lithiation/delithiation processes. As an electrode material for LIBs, the ZnO/PNR
composite delivers a ﬁrst cycle discharge capacity of 1658mAh g-1 and a capacity retention of 50.7% over 150 cycles at
200mAg-1, indicating high speciﬁc capacity and outstanding cycle stability.
1. Introduction
The current interest in electric vehicles and portable elec-
tronics has prompted the demand for lithium-ion batteries
(LIBs) with large energy/power density as well as long life-
time [1–3]. Recently, transition metal oxides such as SnO2
[4], Fe2O3 [5], MnO2 [6], and ZnO [7] have been explored
as promising alternative anodes because of their high theo-
retical capacities, which are several times higher than those
of the conventional carbon (372mAhg-1). Among these
numerous anode candidates, ZnO has been widely studied
due to its relatively high theoretical capacity (978mAhg-1),
abundant sources, cost-eﬀectiveness, and chemical stability
[8–10]. However, pure ZnO electrodes exhibit a rapid capac-
ity decay and inferior rate capability because of low electrical
conductivity and huge volumetric expansion/contraction
during the charge/discharge processes [11–14].
To alleviate these issues, the strategy of decreasing par-
ticle size of ZnO to nanometer range is a well-accepted
approach to not only provide a short diﬀusion path for
Li+ but also accommodate the volume expansion during
lithiation/delithiation [15–17]. Furthermore, encapsulating
ZnO into various conductive and elastic materials can also
provide a robust network to enhance the electrical conduc-
tivity and prevent the ZnO particles from agglomeration
[18–20]. Among these network materials, conducting poly-
mers have been considered as a potential additive to
improve the anode performance in LIBs because of their
good conductivity (10-100 S cm-1) and high chemical sta-
bility [21, 22]. PPy has been successfully introduced to
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enhance the anode performance in LIBs; for instance,
SnO2/PPy [23], MnO2/PPy [24], and NiO/PPy [25] have
exhibited both signiﬁcant electrical conductivity and elec-
trochemical activity.
Herein, we have proposed a simple and reproducible
method to prepare PPy nanorings (PNRs) as a support for
ZnO nanoparticles. PNRs form a three-dimensional inter-
twined network structure with numerous nanorings. The
ZnO nanoparticles for homogenous distribution on the
PNR matrix were obtained via one-pot sol-gel synthesis
route. The resultant ZnO/PNR composite exhibits three-
dimensional macroporous structure of PNR with uniformly
distributed ZnO nanoparticles on its surface. ZnO nanopar-
ticles combined with three-dimensional network structure
of PNR demonstrate superior cycling stability, excellent Li
storage performance, and high rate capability when applied
to anode materials of LIBs. The observations can be attrib-
uted to the structure—determining larger electrode/electro-
lyte interface, higher conductivity, stronger mechanical
strength, and shorter ion transport pathway.
2. Experimental
2.1. PNR Preparation. In a typical procedure, 0.2853 g
(0.783mmol) of CTAB was mixed with 100mL of distilled
water to obtain a 7.83mM CTAB solution. Then, 333mL of
30mM Py monomer solution was mixed with the CTAB
solution, and the resultant solution was vigorously stirred at
temperature of 0-5°C for 3 h. After that, 50mL of 0.1mM
APS solution was added dropwise into the resultant mixture
and stirred at the same temperature for another 24 h. Finally,
the resultant material was rinsed thoroughly with deionized
water and dried at 60°C to obtain the PNR products.
2.2. Synthesis of ZnO/PNR Composite. For the preparation of
the ZnO/PNR composite, 0.1932 g (0.88mmol) of Zn
(CH3COO)2·2H2O was added into 50mL methyl alcohol,
0.1192 g (2.1mmol) KOHwas added into 40mLmethyl alco-
hol, and both the mixtures were stirred vigorously at 60°C to
form homogeneous Zn(CH3COO)2 solution (17.6mM) and
KOH solution (52.5mM). Then, 0.2 g PNR was dispersed in
another 30mL methyl alcohol via ultrasonication for 0.5 h
and mixed with the prepared Zn(CH3COO)2 solution. After-
wards, the mixture was stirred for 0.5 h at 60°C, followed by
slow addition of the KOH solution under gentle agitation.
The total mixture was then stirred continuously for 2 h at
60°C. Finally, the precipitate was centrifuged, rinsed with
ultrapure water, and dried at 60°C overnight.
2.3. Structure Characterization. The crystalline phase of the
as-prepared samples was probed with a XRD diﬀractometer
(Bruker D8) with Cu Kα radiation. Infrared absorption
spectra were recorded on a FTIR spectrometer (FTIR, Nicolet
iS10, USA) at room temperature. The ZnO content in the
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Figure 1: XRD characterization of pure PNR and ZnO/PNR.
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Figure 3: TGA curve of ZnO/PNR composite.
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composite was measured with a thermogravimetric analyzer
(TGA) (STA 409 PC Luxx, Germany) in air (heating rate:
10°Cmin-1). The morphology and physical microstructure
of the sample were observed by transmission electron
microscopy (TEM, JEM-2100F, JEOL). X-ray photoelectron
spectrometer (XPS) was conducted to evaluate the surface
compositions of the samples. The surface area and pore size
distribution were recorded by the Brunauer-Emmett-Teller
(BET) method and the Barrett-Joyner-Halenda (BJH)
method, respectively.
2.4. Electrochemical Measurements. For the preparation of
the electrode, the as-synthesized materials, acetylene black,
and polyvinylidene ﬂuoride binder were added into a blend
solution using N-methyl-2-pyrrolidone (NMP) as a solvent
to form a homogeneous slurry at weight percent of 8 : 1 : 1.
This thoroughly mixed slurry was coated on an aluminum
foil. After drying at 60°C overnight under vacuum, the elec-
trode was cut into circular strips of 8mm diameter and used
as the working electrode. The mass loading of active material
in each electrode was about 1.7mg cm-2. Lithium sheets were
used for the combined counter and reference electrodes while
the separator was a microporous polyethylene ﬁlm (Celgard
2300). The solution of 1M LiPF6 in mixed ethylene carbonate
(EC) and dimethyl carbonate (DMC) (1 : 1 v/v) was used as
an electrolyte. To investigate the electrochemical perfor-
mances, CR2032 coin-type cells were sealed in an argon-
ﬁlled glovebox and tested galvanostatically on a Neware
BTS test system (Shenzhen, China) with a voltage window
of 0.01V-3.0V.
3. Results and Discussion
The XRD patterns revealed the crystalline structures of pure
PNR and ZnO/PNR composite. As shown in Figure 1, pure
PNR has no other diﬀraction peaks except for a broad and
weak diﬀraction peak centered at 26°, which is attributed to
the p-p interaction of partial PPy chains, indicating an amor-
phous structure [26, 27]. In the case of ZnO/PNR composite,
the peaks centered at 2θ = 31 8°, 36.3°, and 56.6° agree well
with the crystal planes of (100), (101), and (110) in hexagonal
wurtzite ZnO (JCPDS no. 36-1451) [12]. Moreover, the
diminished intensity of PNR diﬀraction peak in ZnO/PNR
nanocomposites can be attributed to the existence of ZnO
nanoparticles and partial concealing of PNR by ZnO nano-
particles. The diﬀraction intensity of ZnO in ZnO/PNR com-
posite showed weak and broad XRD peaks, which may be
connected with homogeneous distribution and small particle
size of ZnO [28]. No peaks corresponding to any impurity
were found, implying the high purity of the product.
To further determine the chemical structure of PNR,
both the PNR and ZnO/PNR composite were investigated
with FTIR spectroscopy in the wavelength range of 4000-
500 cm−1. As shown in Figure 2, the band at around
3442 cm-1 can be assigned to the N-H stretching mode, which
is the characteristic peak of PNR. The peaks centered at
1636 cm-1 and 1564 cm-1 correspond to the stretching vibra-
tion of C=C bond in the pyrrole rings. The C-N stretching
vibrations can be observed at 1325 cm-1 and 1207 cm-1. The
peaks at 1047 cm-1 and 792 cm-1 are associated with the
vibration of =C-H, and the peak located at 927 cm-1
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Figure 4: (a, b) TEM images at diﬀerent magniﬁcations, (c) high-resolution TEM (HRTEM) image, and (d) selected area electron diﬀraction
(SAED) pattern of ZnO/PNR.
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originates from the C-C out of phase [29–34]. Consequently,
we can conclude that we have successfully synthesized PNR
by experimentation. The intensity of these characteristic
bands is lower than pure PNR, which may be due to a lower
PNR content in the ZnO/PNR composite. Furthermore,
FTIR spectra of ZnO/PNR composite exhibited a little blue
shift because of the introduction of ZnO. The vibration of
=C-H is shifted from 1047 cm−1 and 792 cm−1 to 1044 cm−1
and 773 cm−1. The C-N stretching vibrations are shifted from
1325 cm−1 and 1207 cm−1 to 1317 cm−1 and 1205 cm−1. All
the blue shifts indicate a strong interaction between PNR
and ZnO [29–31].
The obtained TGA curve is shown in Figure 3. The
as-prepared sample was heated from 25°C to 1000°C under
air atmosphere. The ZnO/PNR composite displayed two
weight loss regions. The initial weight loss occurred between
25 and 120°C due to the evaporation of absorbed water. The
second weight loss region began at 120°C and ended at 610°C,
which can be assigned to thermal decomposition of PNR
chains. The weight percentage of ZnO in the composite as
per the TGA analysis is about 30.72wt%.
TEM and HRTEM were employed to discern the mor-
phologies of ZnO/PNR. As presented in Figure 4(a), the
polypyrrole nanorings intertwine to form a uniform macro-
porous network with the size of around 100 nm. Moreover,
it can be seen that the ultrasmall crystalline particles dis-
persed homogeneously on the surface of the polypyrrole
nanorings without serious agglomeration. The polypyrrole
matrix is important because it forms ZnO nanocrystal
interconnection with the three-dimensional (3D) intercon-
nected porous structure. Thus, this unique structure is
beneﬁcial to provide fast ionic transfer channels and retain
internal void spaces to accommodate the severe volume
change, leading to enhancement of reversible capacity and
cycling performance. The nanoparticles have a diameter
range of 8~16 nm (see TEM image of Figure 4(b)). As shown
in Figure 4(c), the HRTEM image exhibits the measured d
-spacing of 0.191 nm and 0.248nm, which correspond to
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Figure 5: (a) C 1s, (b) N 1s, (c) Zn 2p, and (d) O 1s spectra of ZnO/PNR composite.
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the (102) and (101) planes of ZnO, respectively, suggesting
the successful formation of ZnO nanoparticles [14]. The
selected area electron diﬀraction pattern (Figure 4(d)) was
used to further conﬁrm the formation of single crystal ZnO
nanocrystal as the diﬀraction rings in the SAED pattern can
be indexed as ZnO phase.
The XPS analysis was carried out to investigate the chem-
ical state of ZnO/PNR composite. C 1s, N 1s, Zn 2p, and O 1s
signals were detected. The C 1s spectrum presented two
resolved binding energies centered at 284.7 and 288.4 eV,
which are ascribed to C-C and C=O, respectively. Besides,
the characteristic peak of C-N bonding located at 285.6 eV
corroborates the existence of PNR in the ZnO/PNR material
[35]. Similarly, the XPS spectrum of N 1s can be further sep-
arated into three components. Three peaks are located at
397.8, 399.5, and 401.2 eV, respectively, which are in accor-
dance with the -N=, -NH-, and -N+- [36]. The ﬁtting peaks
located at 1021.6 and 1044.7 eV in Figure 5(c) are assigned
to the spin orbit peaks of Zn 2p3/2 and Zn 2p1/2 in ZnO,
respectively, indicating the typical ZnO phase. While the
peak at 530.6 eV in Figure 5(d) is related to Zn-O, suggesting
that ZnO nanoparticles are formed. The peak at 532.2 eV is
usually identiﬁed as the O-H bond of surface-adsorbed
water [37]. The XPS results were aligned with the above
presented XRD and FTIR data.
The nitrogen adsorption-desorption isotherms were
obtained to investigate the porosity and surface structure of
pure PNR and ZnO/PNR composite. As shown in
Figure 6(a), the BET speciﬁc surface area of the as-obtained
products decreased from 103.17 to 28.00m2 g-1 due to the
formation of ZnO nanoparticles within the porous channels
of PNR, which is consistent with the conclusion of TEM
results. The pore size distributions in Figure 6(b) were cal-
culated from the desorption data using the BJH method.
The primary pore size distribution of pure PNR ranges
from 2.3 nm to 73.8 nm, while ZnO/PNR presented
mesoporous characteristics (2.3-24.3 nm). A portion of
mesopores and nearly all the macropores disappeared as
compared with pure PNR, which can be attributed to the
impregnation of ZnO nanoparticles into the pores and
surface of PNR. The mesoporous structure of ZnO/PNR
composite can provide eﬃcient transport of ions into the
electrode material leading to a high electrochemical capac-
itance. Moreover, the reserved internal space is conducive
to alleviate the large volume variation during the charge-
discharge process [38, 39].
The charge-discharge behavior of the ZnO/PNR com-
posite was examined between 0.01V and 3V at 200mAg-1.
The 1st, 2nd, and 3rd cycle galvanostatic cycling proﬁles of
the investigated anode are shown in Figure 7(a). In the ﬁrst
discharge cycle, a clear slope starting at around 0.8V is due
to the reduction of ZnO to Zn (ZnO + 2Li⟶ Zn + Li2O)
and the LiZn alloying reaction (Zn + xLi⟶ LixZn), while
a wide discharge voltage plateau at 0.5V can be attributed
to the solid electrolyte interphase (SEI) ﬁlm formation [15,
40]. In the following cycles, the plateau located at 0.5V dis-
appeared, which reﬂects the initial irreversible capacity loss
caused by the formation of SEI ﬁlm [41]. In the charge pro-
cess, there is an unconspicuous slope starting at around
0.23V, which corresponds to the multistep dealloying reac-
tions of LiZn alloy, like LiZn⟶ Li2Zn3⟶ LiZn2⟶ Li2
Zn5⟶ Zn [14]. Besides, the voltage plateau appeared at
1.2V can be assigned to the formation of ZnO [42]. In con-
clusion, the Li storage mechanism of ZnO can be expressed
as follows:
ZnO + 2Li↔ Zn + Li2O
Zn + Li↔ LiZn
1
Also, the ZnO/PNR composite exhibited the ﬁrst dis-
charge capacity of 1658mAhg-1, which is above the
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Figure 6: Nitrogen adsorption/desorption isotherms (a) and pore size distribution (b) of pure PNR and ZnO/PNR.
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theoretical value for ZnO (978mAhg-1). The charge capacity
in the ﬁrst cycle is 1095mAh g-1, which corresponds to an
initial coulombic eﬃciency of 66%. The irreversible capacity
losses can be due to the generation of SEI ﬁlm owing to the
electrolyte decomposition and the irreversible process of
Li2O formation, which is common for transition metal
oxides [14]. However, in the subsequent discharge-charge
cycles, the discharge curves are diﬀerent from the ﬁrst one
but become almost identical in terms of size and shape, indi-
cating a good reversibility of the redox processes of
ZnO/PNR composite [13]. Figure 7(b) illustrates the cycle
performance of the ZnO/PNR electrode at 200mAg-1.
ZnO/PNR suﬀers a rapid capacity decline in the initial 5
cycles, which may be because of the irreversible reactions
and morphological changes during the charge-discharge
processes. Subsequently, the capacity decays slowly and sta-
bilizes at 840mAhg-1 after 150 cycles, which is over twice as
high as that of the commercial graphite (372mAhg-1), cor-
responding to the capacity retention of 50.7% relative to
the initial charge capacity. The excellent cycle behavior of
the ZnO/PNR electrode can be ascribed to the nanosize of
ZnO particles synthesized in this work, which has more con-
tact area with the surface of PNR and shortens the diﬀusion
paths for Li+ when tested as anodes in LIBs. Furthermore,
both the large speciﬁc surface area and porous nanostructure
can prevent the aggregation of ZnO nanoparticles and
accommodate the volume expansion/shrinkage during the
continuous charge/discharge processes, and as a result, mit-
igate the sharp capacity fading.
The rate capability of the synthesized ZnO/PNR compos-
ite is exhibited in Figure 7(c). As the current density increases
from 200, 400, 800 to 1600mAg-1, the average capacity of
952, 777, 693, and 528mAhg-1 are obtained, respectively,
which are much higher than those previously reported [43–
45]. The capacity of 718mAhg-1 can be recovered when the
current density is turned back to 200mAg-1, demonstrating
an excellent electrochemical reversibility and well structural
integrity of the anode material.
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Figure 7: Electrochemical performance of ZnO/PNR electrode: (a) the initial three discharge and charge curves, (b) cycle performance at
200mA g-1 between 0.01 V and 3.0V, and (c) discharge rate performance at diﬀerent current densities.
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4. Conclusion
In conclusion, we demonstrated the fabrication of polypyr-
role with three-dimensional intertwined network using the
solution chemistry method. The composite of microsized
hexagonal ZnO nanoparticles absorbed on the surface of
polypyrrole nanorings was prepared by an in situ sol-gel
method. When employed as an electrode material in LIBs,
ZnO/PNR composite illustrated superior reversible capaci-
ties and impressive cycling performance. After 150 cycles, a
relatively high discharge capacity of 840mAhg-1 could be
harvested at 200mAg-1. Such a good cyclic performance
could be due to the interconnected 3D architecture of poly-
pyrrole nanorings and synergistic interaction between ZnO
and PNR to obtain highly dispersed ZnO nanoparticles,
enhance the electrical conductivity of ZnO, and accommo-
date the volume variation during the charge-discharge pro-
cesses. Thus, LIBs based on the ZnO/PNR composite can
have promising applications.
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